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The reaction of sulfur atom and nitrogen dioxide is studied by B3LYP/cc-pVTZ method. The
potential energy surfaces of the reaction on several electronic states are computed by
time-dependent density functional theory ~TD–DFT!. The complexes of the precursor of sulfur
atom, OCS and CS2 , and NO2 are also studied to probe all possible reactive routes. The possible
products in the ground state are SNO2 , SONO, a mixture of SO and NO, as well as cis- and
trans-OSNO. Calculations show that the most possible product is SNO2 because it is the product of
a barrierless reaction and is trapped in a well of 34 kcal/mol. Even this most probable product,
SNO2 , might not be detected in matrix-isolation experiment for the precursor of sulfur atom
chelates with NO2 and the formation of SNO2 is directionally prohibited. Other products are not
likely to be generated in matrix-isolation experiment from the ground state of sulfur atom and NO2
since the barrier of 12 kcal/mol obstructs the reaction route. In the same experimental condition,
products other than SNO2 are probably initiated with singlet sulfur. The calculation suggests that the
sulfur atom in the 1D state attacks the oxygen atom of NO2 in the 2A1 state, then reacts without
barrier, and after a crossing and quenching falls into the lowest 2A8 state around the geometry of a
transition structure in the ground state. Afterward, the reaction proceeds to yield the products SO,
NO, cis-OSNO, and trans-OSNO. This reaction path bypasses the formation of SNO2 ; thus, when
the sulfur atom is in the 1D excited state, the SNO2 will not be observed. © 2001 American
Institute of Physics. @DOI: 10.1063/1.1405119#INTRODUCTION
Time-dependent density functional theory1–4 ~TD–DFT!
has been extensively used to study properties related to ex-
cited states, such as discrete transition energy from ground
state and transition probability. The error of computational
transition energy relative to the experimental data is in the
range of 0.3 eV.5–10 This accuracy is comparable with that
obtained by high level ab initio methods,5–9,11 such as MRS-
DCI, CASPT2, and EOM–CCSD. The scope of application
of TD–DFT is wide, including highly excited states of small
molecule,1 large molecules such as porphin,5 hydrocarbon
radical cation,6 silicon compounds12 and ions,13,14 the band
gap of polymers,15 etc. Nevertheless, there is to date only
few attempts to study the potential energy surfaces ~PES! of
excited states by TD–DFT.16,17 The work by Cai and
Reimers focused only in the 3Su
2 first excited state of H2 .16
Note that the 3Su
2 state actually is the lowest of the particular
spin multiplicity and spacial symmetry. Such state has long
been treated with DFT by the same techniques as for the
ground state. They concluded that their failure at the disso-
ciation region is due to the use of spin-restricted Kohn–
Sham method of the ground-state density. Ko¨tting et al. used
TD–DFT to study the PES along the variation of the dihedral
angle, which is nondissociating.17 The lack of application to
the PES of excited states can be partially ascribed to the
difficulty of implement due to the absence of geometry op-
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Downloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject ttimization. It is inviting to study the PES of excited state by
TD–DFT with spin-unrestricted Kohn–Sham ~UKS! method
for some reactions that excited states are involved.
The reaction of sulfur atom with nitrogen dioxide has
been carried out by matrix-isolation experiments.18 Two pos-
sible sources of sulfur atom are OCS and CS2 through pho-
todissociation upon irradiation of laser light.19–21 Preliminary
results indicate that the product seems different with OCS
from that with CS2 . The product of the reaction using OCS
as the sulfur source yields cis- and trans-OSNO, but with
CS2 there is no trace of such compounds.18 It indicates that
the sulfur atoms generated by OCS and CS2 are different.
One possibility is that the sulfur atoms from OCS and CS2
are in different electronic states. Thus, the PES of excited
state must be investigated thoroughly to probe the reactions
occurred in the experiments. Finally, under the experimental
conditions, it is possible that OCS or CS2 binds with NO2
prior to the photo dissociation that generates the sulfur atom.
It is necessary to include the dimer in theoretical simulation
to interpret experiments.
In this study, we used TD–DFT with UKS ground state
density to calculate PES of several excited states as well as
the ground PES of sulfur atom reacting with NO2 . The PES
of both possible reaction orientations, namely S{{{NO2 and
S{{{ONO, are computed up to the SN or SO distance reaches
5.0 Å. Adducts of sulfur precursor and NO2 are also inves-
tigated theoretically. The reaction mechanism is drawn based
on the theoretical study and analysis of comparison with ex-
perimental data.5 © 2001 American Institute of Physics
o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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The reaction of the sulfur atom and NO2 is calculated
with the B3LYP/cc-pVTZ method.22–24 Calculations are car-
ried out with unrestricted Kohn–Sham ~UKS! scheme. All
equilibrium structures are fully optimized without any con-
tractions. Vibrational frequency calculations are also em-
ployed to ascertain whether the equilibrium structure is a
local minimum, which has all positive vibrational frequen-
cies, or a transition state, which has one imaginary vibra-
tional frequency. The intrinsic reaction coordinate ~IRC!
method25–29 is used to infer the route passing the transition
structure, reactants, and products.
The time-dependent ~TD! method is employed to calcu-
late excited states. The energy surface of excited states is
drawn with the computation consisting of many single-point
calculations. The structure used in single-point calculations
is called the reference structure. The reference structures of a
sulfur atom attacking the nitrogen atom of NO2 are obtained
by optimization of the ground state with the distance be-
tween the sulfur and nitrogen atoms fixed and with the sym-
metry being constrained to C2v . The calculation spans the
S–N distance from 1.753 to 5.0 Å, and includes 100 refer-
ence structures. For the channel of the sulfur atom attacking
one oxygen atom of NO2 , the molecular structures used in
the calculations of excited states are obtained by IRC calcu-
lation about TS3 for the distance of sulfur and oxygen atoms
varies from 1.497 to 3.169 Å, and consist of 101 structures.
Nevertheless, 3.169 Å of the S–O distance is not sufficiently
large to depict certain crossing regions of some excited
states, and the calculation needs to be extended to further
regions. The structures of the distance from 3.2 to 5.0 Å,
which are divided into 21 grids, are obtained with the con-
strain optimization. Thus, there are totally 122 reference
structures in the excited state computation of the channel of
the sulfur atom attacking one oxygen atom of NO2 . The
calculations are performed with the GAUSSIAN 98 program30
using the Compaq Alpha workstations.
RESULTS
Optimized structures in the ground electronic state
All local minimum structures optimized by the B3LYP/
cc-pVTZ method are illustrated in Fig. 1. The NO bond
linked to the sulfur atom of SONO is 1.696 Å, which is 0.57
Å longer than the other NO bond of the same molecule; thus,
this bond should be very weak. The transition structures are
shown in Fig. 2. All transition structures except TS1 are
planar. Transition structure TS1 is the transition structure
between SNO2 and SONO. Due to the simultaneous interac-
tion among sulfur, nitrogen, and oxygen, these three atoms in
TS1 form a triangle having three acute angles; hence, the
strain energy in TS1 is quite large. Both TS2 and TS3 are the
transition structure of the sulfur atom attacking one oxygen
atom of NO2 . The bond distances between TS2 and TS3 are
very similar, while the difference of bond angle is larger than
7°. The difference arises from different electronic states,
namely 2A9 for TS2 and 2A8 for TS3. The product of TS2 is
SONO, and the product of TS3 is the mixture of SO and NO.
The bond linking the nitrogen and nonterminal oxygen atomDownloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject tin SONO dissociates via TS4, where the dissociating bond is
1.872 Å in length. The recombination of SO and NO is
through TS5 to form cis-OSNO or through TS6 leading to
trans-OSNO. These two conformers are able to transform
between each other through TS7. Generally the transition
structure of cis- and trans-transformation rotates about the
central bond and changes the dihedral angle between the side
groups. The transition between cis- and trans-OSNO, how-
ever, is distinct; the transformation takes the route of swing
to the NO branch. Thus, /SNO in TS7 is 172.24°, which is
larger by 43.86° than that in trans-OSNO and by 52.76° than
that in cis-OSNO, and around the middle of trans- and cis-
conformers. Calculations of the potential energy curve vary-
ing the dihedral angle indicate that rotating around the SN
bond will induce the breaking of the SN bond in OSNO.
Potential energy surfaces of excited states
For a sulfur atom attacking the nitrogen atom of NO2 ,
the energy surfaces of excited states are calculated by the
TD–B3LYP/cc-pVTZ method using the molecular structures
obtained by the constrained optimization of the specified
S–N distance in the 2B2 ground state of C2v symmetry. Fig-
ure 3 shows the energy surfaces of the lowest eight states. At
the S–N distance of 5.0 Å, the eight states can be classified
into five sets. The assignment of state is based on the transi-
tion amplitude of the time-dependent calculation. The
charge-separated states are clearly indicated by the Mulliken
charge as listed in Table I. There are three states in the first
set. These three states are on the energy surfaces of a sulfur
FIG. 1. The structures of local minimum involved in the reaction of S1NO2
optimized by B3LYP/cc-pVTZ.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
7497J. Chem. Phys., Vol. 115, No. 16, 22 October 2001 Reaction of S1NO2FIG. 2. The transition structures involved in the reaction of S1NO2 optimized by B3LYP/cc-pVTZ.atom on the 3P state reacting with NO2 in 2A1 , and are with
the 2A2 , 2B1 , or 2B2 symmetry. The ground state of SNO2 is
a 2B2 state. The second set, which is right above the first one,
has two states: one is the 2A1 state, and the other 2B2 . These
two states are on the reaction pathway of the sulfur anion in
the 2P state reacting with NO2
1 in 1A1 . The Mulliken charge
of sulfur of these two states is approximately 21. There isDownloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject tonly one 2B1 state, composed of a sulfur atom in the 3P state
and a NO2 in 2B1 , in the third set. The only state in the
fourth set is charge-separated state and the Mulliken charge
of sulfur is nearly 1. The symmetry is 2B1 , where the sulfur
cation is in the 4S state and the NO2
2 in 1A1 . The highest
state calculated is a sulfur atom in the 3P state reacting with
NO2 in 2B2 .FIG. 3. The potential energy surfaces
along the reaction pathway of S at-
tacking the N atom of NO2 in C2v
symmetry.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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oxygen atom of NO2 are shown in Fig. 4. These energy
surfaces are also calculated by the TD–B3LYP/cc-pVTZ
method with the molecular structures obtained either by the
constrained optimization of specified S–O distances in the
2A8 state of Cs symmetry, or by the IRC calculation of the
TS3. The eight states can be distinguished into three sets at
the S–O distance being 5.0 Å. The lowest set involves the
ground state of both reactants, and has four states: two are in
2A8 states and the others in 2A9. The second set is with the
2A8 symmetry and consists of the sulfur atom in the 1D state
reacting with NO2 in the 2A1 ground state. The state of the
third set is a charge-separated 2A8 state where the sulfur has
charge 21, as tabulated in Table II, and is in the 2P state
while the NO2
1 is in 1A1 . The highest set consists of two
pathways of 2A9. The lower one is the state of a sulfur atom
TABLE I. The Mulliken charge of the lowest eight states of S{{{NO2 is
calculated by TD–B3LYP/cc-pVTZ. The distance of the sulfur atom and the
nitrogen atom is 5.0 Å.
S{{{NO2
S N O O
GSa 20.0002 0.2762 20.1380 20.1380
1a 0.0109 0.2678 20.1393 20.1393
2a 20.0002 0.2761 20.1380 20.1380
3b 20.9988 0.7051 0.1468 0.1468
4b 20.9999 0.7052 0.1474 0.1474
5c 0.0001 0.2261 20.1131 20.1131
6d 0.9994 20.2352 20.3821 20.3821
7e 20.0005 20.2541 0.1273 0.1273
aThe state with the sulfur atom in the 3P state and NO2 in 2A1 , where GS
denotes the ground state.
bThe state with the sulfur anion in the 2P state and the NO21 in 1A1 .
cThe state with the sulfur atom in the 3P state and NO2 in 2B1 .
dThe state with the sulfur cation in the 4S state and NO22 in 1A1 .
eThe state with the sulfur atom in the 3P state and NO2 in 2B2 .Downloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject tin the 3P state reacting with NO2 in 2B2 . The upper one is
charge separated and the sulfur cation is in the 4S state and
the NO2
2 in 1A1 . These two sets cross at the distance be-
tween the sulfur atom and the interacting oxygen of NO2
being about 4.9 Å.
Structure and energy of dimers
Another possible reaction path is through the formation
of stable adducts of NO2 and the precursor of S atom, e.g.,
CS2 or OCS. Only the chelate complex is stable according to
computations. The energy of NO2 – CS2 and NO2 – OCS,
whose structures are shown in Fig. 5, is lower by 0.26 kcal/
mol and 0.23 kcal/mol than the sum of separated molecules.
The search along the profile of side approach yields a local
minimum and a saddle point as the distance between NO2
TABLE II. The Mulliken charge of the lowest eight states of S{{{ONO is
calculated by TD–B3LYP/cc-pVTZ. The distance of the sulfur atom and one
oxygen atom is 5.0 Å.
S{{{ONO
S O N O
GSa 20.0001 20.1400 0.2772 20.1371
1a 0.0008 20.1404 0.2769 20.1372
2a 0.0002 20.1402 0.2771 20.1371
3a 0.0000 20.1401 0.2772 20.1371
4b 20.0002 20.1400 0.2772 20.1371
5c 20.9999 0.1591 0.7026 0.1383
6d 0.0000 20.1150 0.2274 20.1123
7e 0.9998 20.3841 20.2346 20.3811
aThe state with the sulfur atom in the 3P state and NO2 in 2A1 , where GS
denotes the ground state.
bThe state with the sulfur atom in the 1D state and NO2 in 2A1 .
cThe state with the sulfur anion in the 2P state and NO21 in 1A1 .
dThe state with the sulfur atom in the 3P state and NO2 in 2B1 .
eThe state with the sulfur cation in the 4S state and NO22 in 1A1 .FIG. 4. The energy surfaces along the
reaction pathway of S attacking the O
atom of NO2 . The solid line indicates
the 2A8 state and the dash line indi-
cates the 2A9 state.o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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mized complexes are illustrated in Fig. 6 and the energy is
summarized in Table III. For NO2 and CS2 , the saddle point,
which is denoted as TS8, is at the C–N distance being 1.920
Å with a barrier of 35.84 kcal/mol, and a local minimum at
the distance of 1.552 Å with energy 25.16 kcal/mol higher
than the component molecules. For NO2 and OCS, the tran-
sition state, TS9, and the local minimum is at the C–N dis-
tance being 1.815 Å and 1.592 Å, and the energy relative to
the dissociation limit is 35.03 and 32.16 kcal/mol, respec-
tively.
FIG. 5. The structures of the stable complex of the S precursor and NO2
optimized by B3LYP/cc-pVTZ, ~a! CS2–NO2 , ~b! SCO–NO2 .
FIG. 6. The structures of the stationary point of the center-attach orientation
of the S precursor and NO2 optimized by B3LYP/cc-pVTZ.Downloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject tThe symmetry of TS8, O2N{{{COS, and TS9 is Cs and
of O2N{{{CS2 is C2v . The difference of symmetry of TS8
and O2N{{{CS2 arises from the bonding character of C–S
bonds. The two C–S bonds of TS8 are different in length by
0.04 Å and are both longer than the C-S bonds of
O2N{{{CS2. The unpaired electrons of O2N{{{C2 are delocal-
ized in the complex, but they localized in the shorter C–S
bond in TS8. As the two components approach each other,
the unpaired electron of NO2 and one of the p electron of
one C–S bond of CS2 or the CS bond of SCO form the new
s-bonding interaction between the carbon and nitrogen at-
oms. At the minimum configuration, the unpaired electron is
delocalized; hence, the C–S and C–O bond are relaxed and
the bond length is longer than that in the corresponding tran-
sition states.
DISCUSSION
The reaction in the ground state
There are two sites possible for the sulfur atom to attack
the NO2 molecule. One is the sulfur atom attacking the ni-
trogen atom of NO2 to form SNO2 . This is a barrierless
reaction releasing 33.41 kcal/mol, as shown in Fig. 7. The
product SNO2 is very stable and needs 34.55 kcal/mol to
surpass TS1 to form the isomer SONO, which is more stable
by 3.56 kcal/mol. The other is that the sulfur atom attacks the
oxygen atom of NO2 , and this involves two reaction paths in
the 2A8 or 2A9 state. In the 2A9 electronic state, it takes 11.14
kcal/mol to exceed TS2 then produces SONO, which is also
the product of TS1. On the other hand, in the 2A8 electronic
state, the reaction barrier of TS3 is 12.00 kcal/mol, a little
higher than TS2, and the SO–NO bond will break to form
SO and NO. Both TS1 and TS2 lead to the product SONO,
which is not on the reaction path involving TS3. With the
zero point energy ~ZPE! correction, the energy of SONO is
higher than that of TS4, which is the transition structure of
breaking SONO to yield SO and NO. Thus, through the
ground state of S and NO2 the structure of SONO will not be
detected in experiments, so that SO and NO, which are the
fragments of SONO, will be formed.
The final products of the reaction are not SO and NO.
These two molecules will pass though TS5 and TS6 and
TABLE III. The relative energy of NO2 reacting with CS2 or OCS with and
without ZPE correction by the B3LYP/cc-pVTZ method. For NO2 and CS2 ,
the sum of total energy is 21039.728 019 hartree and the sum of ZPE is
9.85 kcal/mol; and for NO2 and OCS –716.773 719 hartree and 11.29 kcal/
mol, respectively. The unit in the table is kcal/mol.
NO21CS2
TS8 P2N–CS2 NO2{{{SCS
Without ZPE 33.72 23.18 20.48
With ZPE 35.84 25.16 20.26
NO21OCS
TS9 O2N–COS NO2{{{SCO
Without ZPE 34.36 30.17 20.47
With ZPE 35.03 32.16 20.23o AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
7500 J. Chem. Phys., Vol. 115, No. 16, 22 October 2001 W.-C. Chen and C. YuFIG. 7. The reaction profile of S and NO2 on the ground state. The relative energy is calculated with and without ZPE correction. The latter is shown in
parentheses. The reference energy is that of S(3P) and NO2(2A1). ~The total energy is 2603.294 672 hartrees and ZPE is 5.51 kcal/mol.! The unit in the figure
is kcal/mol.recombine to form cis-OSNO and trans-OSNO, respectively.
The activation energy of these two reactions is only 4.75
kcal/mol for TS5 and 8.29 kcal/mol for TS6. Either cis-
OSNO or trans-OSNO is more stable than the reactants, the
mixture of SO and NO, by about 23.99 and 20.54 kcal/mol,
respectively. These two conformers are convertible with a
saddle TS7, which is 9.79 kcal/mol higher than cis-OSNO
and 6.34 kcal/mol higher than trans-OSNO.
There are two transition structures of the sulfur atom
attacking one oxygen atom of the NO2 , TS2 and TS3 with
the electronic state 2A9 and 2A8, respectively. The symmetry
difference arises from the two unpaired electrons being lo-
cated in different p orbitals. In TS2, the electron that will
form a new SO bond later in the reaction is in the p orbital
that is parallel to the molecular plane, and the other occupies
the perpendicular p orbital; in TS3, these two electrons are
both settled in the parallel p orbital. Because of the occupa-
tion site of unpaired electrons, the bond angles of TS2 and
TS3 are significantly different. The angle of S–O–N is
111.92° in TS2 and 100.30° in TS3; the angle of O–N–O is
123.90° in TS2 and 130.63° in TS3. Due to the different
symmetry of the unpaired electrons, the interaction of the
sulfur atom and the oxygen atom in TS2 simultaneously
forms both the s bond and the p bond; however, in TS3 only
a s bond forms initially. Therefore, the angle of S–O N
enlarges by about 11.6° and the angle of O–N–O contracts
by about 6.7° in TS2. The difference of bond length between
these two transition structures is imperceptible, since the lo-
cation of the unpaired electrons does not influentially affect
the bonding energy and strength.
The two NO bonds of the SONO are quite different inDownloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject tnature; one of them is very weak with the length 1.696 Å. In
TS4, the breaking bond of NO is 1.872 Å, just longer by
about 0.2 Å of that in SONO. Therefore, this bond can be
broken easily. In fact, the ZPE corrected energy of SONO is
almost the same as that of TS4. Thus, SONO will pass
through the saddle point and becomes SO and NO spontane-
ously. The conversion between cis-OSNO and trans-OSNO
conformers is not through the common mechanism of rotat-
ing the S–N bond because the transition structure, TS7, is
planar indicating a mechanism of the swing of the NO bond.
The S–N bond in TS7 is shorter by about 0.1 Å than that in
cis-OSON or trans-OSNO. The S–N bond is slightly stron-
ger by forming a weak p bond in TS7 to stabilize it and to
lower the activated energy instead of breaking the p bond of
S–N band and unsettling the transition structure.
The reaction in excited states
In the argon matrix, if both the sulfur atom and the NO2
are in their ground electronic states the reaction is most
likely to take the no-barrier route leading to SNO2 then be
trapped in the potential well; thus, SNO2 should be the prin-
cipal product. In fact, the experimental product includes SO,
NO, cis-OSNO, and trans-OSNO,18 yet there is no trace of
SNO2 when using OCS as the precursor. Thus, the reaction
possibly proceeds with reactants on certain electronically ex-
cited states. The mostly likely candidate is the singlet state of
the S atom because its transition to the ground state is for-
bidden and it is not too high in energy to be generated under
the experimental condition. The reaction of the sulfur atom
in 1D state and the NO2 in 2A1 state may be responsible foro AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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sulfur atom is also possible to attack either the oxygen or
nitrogen atom of NO2 . The potential energy curves of sev-
eral lower states abstracted from the TD calculations are
shown in Figs. 3 and 4, respectively, for the nitrogen and
oxygen atom attacking.
For the S{{{N attack, the potential curve displays that the
ground state of the sulfur atom and the NO2 combine to form
stable SNO2 without any barrier. There is no symmetry aris-
ing from the sulfur atom in 1D state in all the eight calcu-
lated states as illustrated in Fig. 3. The PES curves of excited
states indicate that the products of reaction occurring in ex-
cited states can only be stablized through quenching. For the
S{{{ONO orientation, the 1D state of sulfur and the 2A1 state
of NO2 bind without barrier, corresponding to the third 2A8
state as shown in Fig. 4. At the S–O distance around 2.2 Å,
this third 2A8 crosses with the second 2A8 state which pos-
sesses a well at around 2.0 Å, where it may be quenched to
fall down to the first 2A8 state. The energy curve of the first
2A9 state seems crooked for the S–O distance between 2.0
and 2.4 Å owing to the multiple crossing and that the TD
method is probably not designed to resolve the potential sur-
faces of such complicated crossing. Nevertheless, the quality
of these potential energy curves is sufficiently good to inter-
preting the reaction path. The calculation suggests that the
sulfur atom in the 1D state attacks the oxygen atom of NO2
in the 2A1 state, then reacts without barrier, and after cross-
ings and quenching falls into the lowest 2A8 state. Afterward,
the reaction proceeds, as described in the preceding section,
to yield the products SO, NO, cis-OSNO, and trans-OSNO.
The reaction of NO2 and S atom
The theoretical analysis concludes that when NO2 reacts
with the 1D state of sulfur, the products are SO, NO, and cis-
and trans-isomers of OSNO. When the sulfur atom is in the
ground state, i.e., 3P , in addition to the aforementioned list
of products, SNO2 is also possible to be formed according to
the analysis of reactions in the ground state, as shown in Fig.
7. The barrier related to transition states leading to the prod-
ucts of SO, NO, and conformers of OSNS, TS2 and TS3, is
;12 kcal/mol, which is difficult to be overcome in the ex-
perimental condition of matrix-isolation. Thus, SNO2 seems
to be the sole product of ground state sulfur reacting with
NO2 for matrix isolation. Nevertheless, there is almost no
molecular motion in matrix isolation environment. The pre-
cursors of sulfur atom, such as SCO and CS2 , may bound
with NO2 to form chelate adducts as shown in Fig. 5. The
multibonded sulfur atom of the precursor is the one most
probably to dissociate from the mother molecule. The newly
formed sulfur atom is much more likely to attach to one
oxygen atom of NO2 than move around to attack the nitrogen
atom of NO2 . The formation of SNO2 is directionally inhib-
ited. Therefore, the sulfur atom in the triplet ground state and
NO2 in principle may not react to form any stable products
under experimental conditions of matrix isolation.Downloaded 21 Nov 2007 to 140.114.72.112. Redistribution subject tCONCLUSION
It is feasible to use TD–DFT with UKS scheme to study
the reaction pathways of forming new bonds in the excited
state surface. The calculated PES looks reasonable and is
capable of interpreting experimental observations. Thus, the
employment of the TD-DFT method with unrestricted den-
sity to predict the PES of excited states is a practicable and
reliable method to study reactions in the gas phase.
The calculation of the energy profile of the reaction of
free sulfur atoms in its ground state and NO2 in the ground
state reveals that the stable products should be SO, NO,
SNO2 , cis-OSNO, and trans-OSNO. The molecule SNO2 is
expected to be the major product because the formation of
the new S–N bond releases 33.41 kcal/mol of energy without
any barrier, and for SNO2 to react onward it needs 34.54
kcal/mol. Nevertheless, in the matrix-isolation experiment,
the sulfur atom in the triplet ground state and NO2 in prin-
ciple do not react to form any stable products due to the
motionless condition and the formation of chelate complex
of NO2 and the precursor of the sulfur atom. When the sulfur
atom is in the 1D excited state, the SNO2 will not be ob-
served. The species SO, NO, cis-OSNO, and trans-OSNO
become the major products. The experimental with OCS as
the precursor of sulfur atom generates sulfur atom in the 1D
state only, and the product includes SO, NO, and OSNOs.
This agrees well with the theoretical prediction.
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